The objective of the present study was to investigate the influence of chronic exposure to municipal sewage treatment effluent at environmentally relevant concentrations on immune parameters in rainbow trout (Oncorhynchus mykiss), including the assessment of potential differences in reactivity between sexually mature male and female fish. Trout were exposed to 1.5 and 15% (v/v) secondary treated municipal sewage effluent for 32 weeks. Fish were injected intra-peritoneally either with inactivated Aeromonas salmonicida to simulate an infection or with PBS as control for this immune challenge 6 weeks prior to sampling. Exposure to effluent resulted in a decrease in A. salmonicida-specific serum antibody level and blood lymphocyte numbers in mature females, but not in male fish. Injection of A. salmonicida resulted in enhanced serum lysozyme activity in mature male trout, which were not exposed to effluent. This stimulating effect of A. salmonicida could not be found in effluent-exposed trout, again potentially revealing a suppressive effect of the effluent. An influence of sampling fish on two consecutive days was observed in many immune parameters, most likely reflecting handling stress. Leucocyte and lymphocyte numbers in peripheral blood were consistently lower in male and female fish on the second sampling day. Phagocytosis in head kidney macrophages from male trout was also influenced by sampling day, whereby a stimulation of this reaction occurred on the second day of sampling. Liver mixed function oxygenase activity was found to be enhanced in mature male trout exposed to 15% effluent. In conclusion, the study showed, that exposure to sewage treatment plant effluent, in surface water relevant concentrations, can lead to potentially adverse effects on selected immune reactions in rainbow trout. However, this study also demonstrated that both handling stress and the sex of mature fish have distinct influences on the immune response detected in male and female fish and are likely to influence measured immune parameters to the extent that subtle effluent induced changes may be difficult to detect.
Introduction
In the last two decades sewage treatment effluents have been found to contain a broad array of anthropogenic substances, including pharmaceutical residues (Daughton, 2001; Kolpin et al., 2002) , chemicals contained in household products, such as various derivatives of alkylphenol (Bennie, 1999) , as well as natural and synthetic hormones (Desbrow et al., 1998) . In spite of usually being present in low concentrations, some of these environmental pollutants have the potential to affect the health of aquatic organisms, due to their specificity for eliciting effects on certain biochemical functions. Pharmaceuticals in particular are designed to specifically influence subtle biochemical mechanisms and might thus affect similar functions in non-target aquatic species in the low concentrations found in aquatic environments. Hormone-like activity of several low-level pollutants in our surface waters has already been investigated (Ashfield et al., 1998) , while effects on immune mechanisms have not received a similar level of attention. However, as some of the commonly found pollutants are known to alter immune reactions or, in the case of some pharmaceuticals, are even designed to influence the immune system, it should be assumed that not only reproductive-endocrine mechanisms can be affected in aquatic organisms, but that immune reactions might also be a target for some of the aquatic low-level pollutants. Effects on various immune parameters in fish have already been shown for several substances, well known to be present in sewage effluent, including PCBs (Khan, 2003) , PAHs (Weeks and Warinner, 1986; Karrow et al., 2001; Reynaud et al., 2003) , pesticides (Dunier and Siwicki, 1993; Galloway and Handy, 2003) and antibiotics (Lundén and Bylund, 2000) . In the only study examining exposure to wastewater in the field, caged carp (Cyprinus carpio) were exposed to river water receiving sewage effluent (Price et al., 1997) . Exposed fish displayed a significant reduction in the proliferative ability of Tand B-lymphocytes, and a decrease in serum lysozyme activity in comparison to fish from a reference site. In a laboratory experiment, exposure of goldfish (Carrasius auratus) to treated sewage resulted in a decrease in erythrocyte, granulocyte and lymphocyte numbers in blood and lower blood cell phagocytic activity (Kakuta, 1997) .
A key element to assessing the competency of the immune system is to examine responses with and without the presence of an immune activator. One such approach is to expose the organism to inactivated pathogens. The infection model applying inactivated A. salmonicida in trout is known to result in an activation of different leukocyte populations e.g. monocytes and B-cells leading to a specific antibody response against bacterial antigens (Köllner and Kotterba, 2002) . Furthermore, MHC II expression was found to be increased in monocytes, B-lymphocytes and a part of the thrombocytes, indications of a general stimulation of the entire immune system (Stachowski et al., 2004) .
Stress is known to be an important factor in fish health and is also a potential confounding factor in experiments investigating the immune functions of fishes. Effects of stress on immune parameters in fish have been investigated in various studies and e.g. a suppressed antibody response against sheep red blood cells in Atlantic salmon (Salmo salar) (Einarsdottir et al., 2000) and reduced resistance against Trypanoplasma borrelii infection in carp (C. carpio) (Saeij et al., 2003) has been detected after rearing stress due to repeated water level reduction and daily handling, respectively. Acute stress, however, has also been found to enhance specific immune reactions, as has been shown for lysozyme activity in rainbow trout (O. mykiss) after a 10 min handling stress (Demers and Bayne, 1997) . Depending on the specific situation, handling stress may thus enhance or oppose possible adverse effects of water pollutants on immune reactions in fish.
The aim of the present study was to determine if exposure to a sewage effluent from a modern wastewater treatment plant affects immune functions in rainbow trout (O. mykiss). This species was chosen as a representative of teleosts because of the large availability of validated test methods and immunological knowledge. In order to provide relevance and eliminate confounding environmental factors such as energy intake, long-term exposure of sexually maturing rainbow trout in a mesocosm facility was chosen as the method of exposure. General immune parameters, like differential blood cell counts, reactions of the unspecific immune system, including serum lysozyme activity and head kidney macrophage activity (phagocytosis and oxidative burst), as well as specific antibody production against the trout pathogen Aeromonas salmonicida salmonicida were determined. The high relevance of immune parameters as endpoints chosen in this chronic exposure study with sewage effluent is based on the potential of imminent immune suppression to lead to higher disease susceptibility, thus likely endangering the health of fish populations.
Material and methods

Experimental design
Two-year-old rainbow trout (Oncorhynchus mykiss) were exposed for 32 weeks to a nominal concentration of 1.5% (v/v) or 15% (v/v) municipal sewage treatment plant (STP) effluent in 12,000 L tanks containing 50 individuals. Final treated effluent was obtained from a municipal sewage treatment plant located in Rotorua, New Zealand every 2 days. This STP employs a pretreatment step with stop screens and a grit trap, a primary treatment step with sedimentation and secondary activated sludge treatment (Bardenpho Reactor).
Activated carbon de-chlorinated tap water (aquifer source) was used as the diluent and as the reference treatment. Two replicate tanks were used for each treatment. Trout exposure tanks were provided with a constant water flow of 10 L/min, which resulted in a 95% replacement time of approximately 45 h. Dissolved oxygen, pH and conductivity (Radiometer Pacific, Auckland, New Zealand) in the fish exposure tanks and in undiluted effluent were measured daily. Additional aeration was provided in the effluent holding tanks and the trout exposure ponds maintaining dissolved oxygen above 90% saturation for the duration of the experiment as measured on a daily basis. The average pH-values (±S.D.) in the exposure tanks were 7.21 ± 0.25 and 7.22 ± 0.25 in the 15% effluent tanks, 7.15 ± 0.28 and 7.20 ± 0.28 in the 1.5% effluent tanks and 7.13 ± 0.29 and 7.13 ± 0.28 in the control tanks. Conductivity in each tank, diluent conductivity, and effluent conductivity was used to calculate the actual effluent concentration in the fish tanks on a daily basis. The actual mean effluent concentration was 13.48 ± 3.25 and 12.91 ± 3.51 in the 15% effluent tanks and 1.45 ± 0.59 and 1.59 ± 0.64 in the 1.5% effluent tanks. Water temperature ranged between 12.7 and 16.7 • C, 12.7 and 16.9 • C and 12.9 and 17.5 • C in control water, 1.5% effluent and 15% effluent, respectively. All trout were tagged with individually numbered T-bar type tags (HallPrint Pty Ltd., Holden Hill, SA, Australia). Weight and length for each tagged trout were measured at the start of the experiment. Trout were fed daily with commercial feed pellets (Reliance Stock Food, Dunedin, New Zealand) at a ration of 0.7% of the wet body weight and this ration was adjusted monthly to compensate for growth. The exposure was started on September 22, 2001, with immature fish and continued for 32 weeks. After an exposure period of 26 weeks trout were anesthetized with ethyl-3-aminobenzoate methanosulfonate (MS222; Fluka, Switzerland) and 1 mL of blood was taken by syringe from the caudal vein. Fish were then either injected with formaldehyde inactivated A. salmonicida salmonicida strain MT 423 antigen (1 × 10 8 cells in 25 L per 100 g body weight) (kindly provided by Günter Kotterba, Friedrich-Loeffler-Institute, Insel Riems, Germany), or with a corresponding volume of phosphate balanced salt solution (PBS) as a control for the injection. Antigen preparation of A. salmonicida followed the description by Köllner and Kotterba (2002) . Fish were exposed for a further 6 weeks and were sampled between May 6 and 14, 2002, just prior to the natural spawning period for this strain of trout. Female trout were sampled over two consecutive days on May 6 and 7. Male trout were sampled over two consecutive days on May 13 and 14, one week later than the females in order to allow them to recover from the short-term stress due to removal of females from the tanks. At the time of sampling, normal aggressive feeding behaviour had resumed in the male trout. This particular strain of trout typically has a proportion of individuals that do not mature at 3 years of age. Immature trout were not examined for immune responses at the termination of the experiment. However, since blood was removed from these fish at the 26 weeks time-point, lysozyme was examined in conjunction with the maturing males and females sampled at this time-point.
Sampling
Fish were sacrificed with a blow on the head. Blood was removed by caudal puncture and a blood smear was prepared immediately. Blood for serum samples was collected in untreated vacutainers. These samples were kept on ice and subsequently centrifuged at 1000 × g (10 min, 4 • C) to obtain serum, which was then kept at −80 • C pending analysis. Head kidney for macrophage preparation was collected and kept on ice in Leibovitz's L-15-medium (Invitrogen, Auckland, New Zealand), containing 53 mU heparin sodium salt/mL (Sigma, St. Louis, USA) and 100 U/mL of Penicillin/Streptomycin (P/S) (Invitrogen, Auckland, New Zealand). A 1 g sample of liver was frozen in liquid nitrogen for subsequent determination of 7-ethoxyresorufin-O-deethylase (EROD) activity.
Immunological parameters
Blood smears were stained according to Pappenheim (May-Gruenwald/Giemsa staining). Pictures of the blood smears were taken with an SV Micro Sound Vision color camera (Sound Vision Inc., Boston, USA) on a microscope (Zeiss Axiolab) using Axio Vision Version 2.0.5. (Carl Zeiss Vision GmbH, Hallbergmoos, Germany). A total of 1500 cells per slide were counted. The different blood cell populations were expressed in percent of total cells counted. The preparation of head kidney macrophages was performed according to Secombes (1990) using a Percoll gradient (Sigma, St. Louis, USA). The resulting cell suspension was adjusted to a density of 1 × 10 6 cells/mL in L-15 medium, containing P/S, and 100 L/well of this suspension was seeded into 96-well black fluorometer plates (BMG Labtechnologies, Offenburg, Germany). After incubation at 18 • C for 90 min to allow attachment of macrophages, media was removed by inverting the plate on a paper towel.
For the phagocytosis assay, a volume of 100 L of a 250 g/mL fluorescein-labeled E. coli suspension (K-12 strain, Molecular Probes, Eugene, USA) was added to each well including eight blank wells, which did not contain macrophages. After incubation at 18 • C for 2 h, media was removed, followed by the addition of 100 L trypan blue solution (0.025%). The trypan blue solution was removed after 1 min of incubation and fluorescence was measured in a microplate fluorometer (Polarstar Galaxy, BMG Labtechnologies, Offenburg, Germany; 485 nm excitation, 520 nm emission).
For the oxidative burst assay, either 200 ng/mL phorbol-myristate-acetate (PMA) (Sigma, St. Louis, USA) in HBSS or HBSS alone was pipetted onto the cells. Measurement of the oxidative burst reaction was started 5 min later by the addition of 2 -7 -dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Molecular Probes, Eugene, USA) at a concentration of 10 g/mL. The time course of H 2 O 2 -production was measured in a microplate fluorometer (485 nm excitation, 520 nm emission). The slope was obtained from data measured from 4 to 10 min. Results were calculated as pmol 2 -7 -dichlorofluorescein (DCF) (Acros, Schwerte, Germany) produced per minute per well.
The method for measuring serum lysozyme follows the description of Ellis (1990) (turbimetric assay). Briefly, 950 L M. lysodeikticus solution (Sigma, Steinheim, Germany) (0.5 mg/mL in 0.05 M sodium phosphate buffer, pH 6.2) were pipetted in a cuvette and measured in a spectrophotometer at 530 nm, followed by the addition of 50 L of serum or plasma. Absorption was then measured after 30 s, 1, 2, 3, 4 and 4.5 min and lysozyme activity was expressed as decrease of optical density (OD) per min.
The ELISA for the detection of A. salmonicidaspecific antibodies in trout serum followed the method described by Köllner and Kotterba (2002) . Briefly, Maxisorp ELISA plates (Nunc, Roskilde, Denmark) were coated with 20 g/mL A. salmonicida salmonicida strain MT 423 antigen (kindly provided by Günter Kotterba, Friedrich-Loeffler-Institute, Insel Riems, Germany) overnight at 4 • C. Plates were blocked with 1% ovalbumin (Sigma, Steinheim, Germany) in PBS for 1 h at 20 • C, followed by washing three times with PBS containing 0.05% Tween 20 (T-PBS) (Carl Roth GmbH, Karlsruhe, Germany). After incubation with diluted serum samples (1:4000 in T-PBS) for 1 h at 20 • C and another wash cycle, plates were incubated with monoclonal antibody 4C10 (mouse-anti trout immunoglobulin M) for 1 h at 20 • C. After washing, goat-anti-mouse IgG/IgM-peroxidase conjugate (Pierce, Rockford, USA) was added for 1 h at 20 • C. After washing three times with T-PBS, detection was carried out with 3,3 ,5,5 -tetramethylbenzidine (TMB) according to manufacturers description (Sigma, St. Louis, USA). The colour reaction was stopped by the addition of 1 M H 2 SO 4 and absorption was measured at 450 nm in an SLT plate reader 340 ATTC (SLT Labinstruments, Groedig, Austria). As no standards were available for IgM determination, results are given as OD. To enable comparison without a standard curve all samples were measured in parallel in a single ELISA run, which was repeated twice.
Liver 7-ethoxyresorufin-O-deethylase (EROD) activity
Hepatic mixed function oxygenase (MFO) activity was assessed in liver post-mitochondrial supernatant (PMS) as EROD activity using a fluorescence plate-reader method. Liver extracts were homogenised in 0.1 M phosphate buffer containing 1 mM EDTA, 1 mM dithiothreitol, and 20% glycerol at pH 7.4. Homogenates were centrifuged at 9000 × g to obtain PMS. EROD reaction mixture contained 0.1 M HEPES buffer pH 7.8 (Sigma, St. Louis, MO, USA), 5.0 mM Mg 2+ , 0.5 mM NADPH (Applichem, Darmstadt, Germany), 1.5 M 7-ethoxyresorufin (Sigma, St. Louis, MO, USA), and about 0.5 mg/mL of PMS protein. Resorufin was determined using 544 nm excitation and 590 nm emission filters. Protein content was estimated from fluorescamine (Sigma, St. Louis, USA) fluorescence (390 nm excitation, 460 nm emission filters) against bovine serum albumin (Sigma, St. Louis, USA).
Statistics
Immune parameters in mature male and female trout were analysed independently using ANOVA with data appropriately transformed to meet the assumptions of homogeneity of variance and normality. The variability of replicate tanks was tested as a variable in all ANOVAs and did not add significant variability for any of the endpoints. Sampling day, A. salmonicida-injection, effluent concentration and any possible interactions were examined as variables in all subsequent analyses. Where no significant variability due to the tested variables was found, that variable was eliminated from the model. Dunnett's test for post hoc comparisons of treatment groups to the reference group was performed on the final ANOVA model. Where statistical interactions were observed to occur, the data was split based on the interacting variable (sampling day or injection) and an independent ANOVA was performed for each possible category of that particular variable. EROD data were compared using a non-parametric Kruskal-Wallis one-way analysis of variance with Bonferroni adjustment for multiple comparisons. All statistical testing was completed using the SYSTAT ® software package (Wilkinson, 1990) . The level of confidence used in determining statistical differences for all analyses was α = 0.05.
Results
External examination of trout at 26 and 32 weeks indicated no obvious signs of external opportunistic infections such as fin erosion, fungus, or other skin lesions, though fins did occasionally show damage consistent with confinement due to aggression or abrasion on the tanks. Slightly increased mortality was experienced in the 15% effluent during the summer months, whereby 5% of the initially 100 trout of this group died.
Innate immune measurements
Data on the different immune parameters investigated were analysed for effects of effluent exposure and A. salmonicida-injection as well as consequences of sampling on two consecutive days possibly leading to handling stress in remaining fish after the first sampling day. Differences in reactivity of immune functions between male and female trout were also assessed.
Leucocyte and lymphocyte numbers in peripheral blood were not influenced by A. salmonicida-injection in either males or females. Leucocyte numbers as well as lymphocyte numbers were, however, consistently and statistically significantly lower in male and female fish on the second sampling day compared to day 1 (Fig. 1 ). There were consistent trends for reductions in lymphocytes and total leucocytes with increasing effluent concentration, however, a statistically significant effect of effluent exposure on peripheral blood cell numbers could only be found for lymphocytes in females on the first but not on the second sampling day. Also, no significant effects were found on the proportion of circulating thrombocytes, monocytes and granulocytes in either sex due to effluent exposure, A. salmonicida-injection, or sampling day (data not shown).
For the oxidative burst assay, males and females showed very different patterns of response ( Fig. 2a  and b ). Females showed an entirely different pattern of response on day 1 as opposed to day 2 as indicated by a significant interaction between effluent exposure and sampling day. When data from sampling days were examined separately, effluentexposed females showed significantly increased oxidative burst on day 1. There was a non-significant Fig. 1 . Peripheral blood leucocyte numbers in female (a) and male trout (b) and lymphocyte numbers in female (c) and male fish (d) after 32 weeks of exposure to effluent. Female and male fish were each sampled on two consecutive days (days 1 and 2) and data was accordingly analysed for effects of effluent exposure and sampling day. Shown are mean values with standard error of the means (S.E.M). Data was tested using a three-way ANOVA with Dunnett's post-test. n ≥ 6; * p < 0.05. trend for oxidative burst to decrease with increasing effluent dose in females on day 2. Oxidative burst in males was not altered by effluent exposure, but reactivity on day 2 was significantly lower than on day 1.
As with oxidative burst, kidney macrophage phagocytosis showed very different patterns of response to sampling day in males and females ( Fig. 2c and d) . Phagocytosis in females was not affected by sampling day, whereas in males, phagocytosis greatly increased on day 2 of sampling. There were no effects of sewage effluent on phagocytosis in either males or females.
Serum lysozyme activity was measured after 26 weeks of exposure and at the end of the experiment after 32 weeks. Immature fish (including male and female fish) displayed a significant decrease in serum lysozyme activity after exposure to 1.5% or 15% effluent for 26 weeks (Fig. 3a) . In mature female trout at 26 weeks, exposure to 1.5 and 15% effluent also resulted in decreased lysozyme activity, however, only statistically significant in the group exposed to 1.5% effluent. In mature male fish, exposure to effluent had no effect on serum lysozyme activity after 26 weeks of exposure. Upon termination of the experiment (32 weeks) only data for mature male trout was analysed, as immature fish were not sampled at this time-point, and the majority of serum samples from female fish caused precipitation in the M. lysodeikticus solution used for the lysozyme assay. Exposure to 1.5% or 15% STP effluent for 32 weeks did not have an effect on serum lysozyme activity. However, in control fish exposed to de-chlorinated tap water, i.p.-injection with the inactivated trout pathogen A. salmonicida resulted in a significant increase in serum lysozyme activity compared to PBS-injected fish (Fig. 3b) . In the fish exposed to effluent, no difference in lysozyme activity between pathogen-injected and sham-injected trout could be found. Serum lysozyme activity was not observed to be sensitive to handling stress. Fig. 2 . Head kidney macrophage oxidative burst in female (a) and male trout (b) and macrophage phagocytosis in female (c) and male fish (d) after 32 weeks of exposure to effluent. Female and male fish were each sampled on two consecutive days (days 1 and 2) and data was accordingly analysed for effects of effluent exposure and sampling day. Shown are mean values with S.E.M. Data was tested using a three-way ANOVA with Dunnett's post-test, n ≥ 8 for (a) and (c); n ≥ 5 for (b) and (d); * p < 0.05; *** p < 0.001.
Aeromonas salmonicida-specific antibody ELISA
Trout sham-injected with PBS and kept together in the same exposure tanks with A. salmonicida-injected fish did not show detectable serum levels of anti-A. salmonicida antibodies, excluding a possible crosscontamination. As no detectable antibody production was evident, samples from sham-injected fish were excluded from further analysis. Male and female trout again showed a different pattern of response. In mature female trout, exposure to 1.5% or 15% STP effluent resulted in lower serum levels of specific antibodies, produced against inactivated A. salmonicida. The decrease in serum antibody levels was, however, only statistically significant in the group exposed to 1.5% effluent (Fig. 4) . Mature male trout did not display significantly altered levels of specific antibodies after exposure to effluent compared to tap water exposed fish and unlike antibody levels in females this measure tended to increase with effluent concentration. Serum level of anti-A. salmonicida IgM were not observed to be influenced by stress due to consecutive sampling days.
Liver EROD activity
Exposure to 15% effluent over 32 weeks resulted in a significant increase in liver EROD activity in mature male fish compared to control fish (Fig. 5) . In mature female fish, no effect of STP effluent on liver EROD activity could be shown.
Discussion
Chronic exposure of rainbow trout to treated sewage effluent resulted in slightly increased mortality, presumably due to increased ammonia levels occasionally detected in the effluent in the course of regular monitoring at the sewage treatment plant (Tim Charleson, Fig. 3 . Lysozyme activity in serum samples, taken after exposure to effluent for: (a) 26 weeks (prior to injection with A. salmonicida, n ≥ 21) and (b) after 32 weeks (n ≥ 7), where data was analysed for effects of effluent exposure and A. salmonicida-injection. Shown are mean values with S.E.M. Data was tested using one-way ANOVA with Dunnett's post-test; * p < 0.05; ** p < 0.01. Fig. 4 . A. salmonicida-specific antibody level in trout serum samples after exposure to effluent for 32 weeks. Data was tested using one-way ANOVA with Dunnett's post-test. Shown are mean values with S.E.M. Male trout: n = 12 for the groups exposed to 0 and 15% effluent; n = 7 for the 1.5% effluent group. Female fish: n = 12 for the groups exposed to 0 and 1.5% effluent; n = 8 for the 15% effluent group; * p < 0.05. 
Rotorua District Council, personal communication).
Exposure of rainbow trout to STP effluents induced a suppression of peripheral blood lymphocyte numbers, serum lysozyme activity and specific antibody production, while the production of reactive oxygen species was enhanced only in effluent-exposed female fish.
Significantly reduced peripheral blood lymphocyte numbers were also observed in an earlier experiment with juvenile rainbow trout exposed to high concentrations of effluent from the same STP for 28 days (Hoeger et al., 2004b) . Similarly, Kakuta (1997) reported lower lymphocyte numbers in goldfish (C. auratus) after exposure to treated effluent in a laboratory experiment. A possible cause for the decrease of lymphocyte numbers could be polyaromatic hydrocarbons (PAH), as has been described before by Khan (2003) , who found lower circulating lymphocyte numbers in winter flounder (Pleuronectes americanus) sampled at a PAH-polluted boat wharf. The presence of PAHs in the effluent used for the study at hand has been suggested by analysis of bile samples of trout exposed to higher concentrations of effluent from the same STP for 28 days (Hoeger et al., 2004b) . As PAHs are known to be strong activators of cytochrome P450 1A1, the significant induction of liver EROD activity in effluentexposed trout, whether as juveniles for 28 days (Hoeger et al., 2004b) or as adult male fish for 32 weeks (this study), further supports the assumption that these fish were exposed to PAH via the sewage treatment effluent used. At first sight it seems contradictory to explain the reduced lymphocyte numbers observed in female trout by exposure to PAHs while an increase in EROD activity was not demonstrated in mature females in the present study. However, in this case the lack of EROD induction does not exclude exposure to PAHs, as EROD activity has previously been found to be suppressed in reproductively mature female trout, presumably due to an estrogen dependent mechanism (van den Heuvel and Ellis, 2002) .
The decreased ability of mature female trout to produce A. salmonicida-specific antibodies was most likely a direct consequence of the lower circulating lymphocyte numbers in peripheral blood, after exposure to STP effluent. Immunohistology in spleen samples from the same exposure experiment revealed an activation of B-cells in effluent-exposed female trout, implied by higher surface immunoglobulin M expression on this cell type (Hoeger et al., 2004a) . At first sight, this observation seems to be in contradiction to the observed lower specific serum antibody levels. However, the activation of B-lymphocytes in the spleen might be the result of effluent-induced unspecific stimulation resulting in a polyclonal stimulation of B-cells and, hence, appear unrelated to the production of A. salmonicida-specific antibodies. A possible effluent-induced stimulatory effect on head kidney macrophages was observed, as suggested by the increased oxidative burst in female trout. Whether the observed stimulation of B-lymphocytes in spleen is a direct consequence of antigen presentation by these macrophages following effluent exposure cannot be determined with the data obtained in the present study.
A. salmonicida-injected trout in the effluentexposed groups did not display enhanced lysozyme activity compared to the PBS-injected fish, further suggesting an immune-suppressive effect of this effluent, in this case specifically on the capability of the fish to express this bacteriolytic enzyme. Indeed, A. salmonicida-injected trout in the control groups showed the expected enhanced lysozyme activity (Moyner et al., 1993) , thus demonstrating that the formaldehyde inactivated A. salmonicida was capable of stimulating an immune response. The suppressive effect of STP effluent on serum lysozyme activity was also observed at an earlier time-point in this study, i.e. at the 26-week time-point in non-pathogen-stimulated immature and female fish. Suppression of lysozyme activity has also been shown previously in carp, which were held in an effluent receiving river (Price et al., 1997) . PAHs have moreover been considered to be the active component of creosote leading to reduced plasma lysozyme level in rainbow trout (Karrow et al., 1999) . Whether the suppression of lysozyme activity was due to the suggested concomitant PAH exposure with the effluents cannot be determined, as chemical analysis of PAHs in the effluent used were not conducted. However, the assumed effect of PAHs in the effluent on lysozyme activity is consistent with the other seemingly PAH-related immune modulations described above and thus suggests that PAHs could be the immune-suppressive component in the STP effluents tested in this study.
The seeming lack of effect of A. salmonicida on immune parameters other than lysozyme activity might be due to the time-point chosen for sampling (6 weeks after injection). It is possible that fast reacting innate immune functions had actually been stimulated by pathogen-injection, but have already returned to baseline values at the time of sampling. Effects expected by A. salmonicida may thus have simply been missed due to a time schedule inappropriate to examine fast reacting immune parameters.
Effects of different kinds of stress on immune parameters have been studied extensively, especially in correlation with the role of cortisol as an important stress mediator (Narnaware et al., 1994; Espelid et al., 1996; Rotllant et al., 1997) . However, in studies on pollution effects, possible consequences of handling stress, due to sampling procedures are often ignored. In the present study, results were also analysed for effects of handling stress due to the two consecutive sampling days. In agreement with the literature, decreased leucocyte and specifically lymphocyte numbers in both male and female fish on the second sampling day were found. It could be speculated that the mechanism resulting in decreased lymphocyte numbers is based on handling stress on the first sampling day leading to cortisol release and subsequently apoptosis of B-lymphocytes in peripheral blood. This idea is derived from previous studies in carp (C. carpio) revealing induction of apoptosis in peripheral blood lymphocytes caused by cortisol (Verburg-van Kemenade et al., 1999; Saeij et al., 2003) . Barton (2002) has stated that stress is not necessarily detrimental to fish, as long as homeostasis can be regained by adaptive mechanisms. In this context, only severe or long-lasting stressors may be regarded as detrimental to fish health. However, little is known about the combined effects of different kinds of stressors, like e.g. handling stress in combination with poor water quality. Depending on the immune parameter investigated and the stressors that act on the fish, effects may be additive or opposed. In the case of additive effects, adverse effects of aquatic pollution on fish health become exceedingly likely. In the field of environmental toxicology, special consideration should be given to the distinction between the actual pollution effects and the influence of stress, which can hardly be completely avoided in any experimental procedure. Some alleged toxicological effects of a certain environmental contaminant might actually stem from, or at least be influenced by, unconsidered stressors.
The present study also underlines the dependence of different immune parameters in salmonids on sexual maturation and subsequently the sex of the investigated fish, as demonstrated by differences in sensitivity of serum lysozyme activity to effluent exposure in immature, male and female fish, as well as sensitivity of specific antibody production against effluent exposure in female, but not male trout. Differences in the response to effluent between male and female fish have also been found for macrophage activity, whereby only female fish but not male trout showed increased production of reactive oxygen species. A similar observation has been described by Fournier et al. (1998) , who found that exposure of mummichogs (F. heteroclitus) to pulp mill effluent resulted in a decreased oxidative burst response in female fish only, but not in male fish. In general, female trout seemed to be more sensitive to effluent exposure than male fish in the study at hand. It is well established that the immune system of fishes is modulated by hormones such as cortisol, growth hormone, reproductive hormones and others (Harris and Bird, 2000) . Sex also modulates the stress response as reproductively active female fish have been observed to demonstrate enhanced cortisol responses while males show depressed cortisol responses to handling stress (Pottinger and Carrick, 2000) . The sex differences observed in this study were generally consistent with the increased responsiveness of female trout to stress.
The precipitation of the M. lysodeikticus solution caused by addition of serum samples from mature female fish, gained at the end of the experiment (after 32 weeks), is likely also related to sexual development. Substances like lectin, C-reactive protein (CRP) and lysozyme are present in fish eggs as a defense against infection (Yousif et al., 1994a (Yousif et al., , 1994b Nunomura, 1991) and are likely to be present in higher amounts in blood upon maturation of female fish. The capacity to agglutinate bacteria has e.g. been shown for egg lectin in coho salmon (O. kisutch) (Yousif et al., 1994b) .
While, in recent years, the applicability of endocrine parameters for the assessment of aquatic pollution has been widely investigated and discussed, immunotoxicology in fish is still undeveloped due to the lack in the understanding of basic immunology in fishes and the immense complexity of the immune system. The experimental design, needed to enable the assessment of immune parameters, is complicated by various characteristics of the immune system. As immune reactions are temporally very dynamic it might be necessary to concentrate more on time courses of the investigated reactions, rather than using endpoint determination, which is a snapshot in time that misses most of the events occurring (Koellner et al., 2005 ). An example of this can be seen in this study: the duration of postchallenge exposure was optimised in order to measure A. salmonicida-specific antibody production, which is slow in trout. However, this overlooked rapid responses, such as oxidative burst, that are well known to respond to A. salmonicida within very short periods of time.
A better understanding of the fish immune system is essential for the interpretation of results, suggesting effects of environmental contamination on immune parameters in fish. Identification of mechanisms and patterns of action of pollutants in the aquatic environment would facilitate estimation of adverse effects on fish health. While the study at hand provides clear evidence for adverse effects of sewage effluents, and most likely the PAHs therein, on the fish immune system and how that response can be modulated by stress and sexual development, further studies are necessary to provide a better assessment of possible toxicological effects of STP effluents on overall immune competence in fish. 
